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Conservation and Variation of Nucleotide Sequences in
Escherichia coli Strains Isolated from Nature
LAWRENCE HARSHMAN' AND MONICA RILEY2*
Departments ofEcology and Evolution1 and Biochemistry,2 State University ofNew York, Stony Brook,
New York 11794
A group of Escherichia coli isolates from nature were compared with one
another and with laboratory strains of E. coli with respect to size distribution of
chromosomal restriction endonuclease fragments and differences in nucleotide
sequences in selected small portions of the genomes. The estimated frequency of
base substitutions in nucleotide sequences in and near the t7p operons of 26 of the
28 E. coli strains examined ranged from 0.008 to 0.066. Nucleotide sequences in
or near A prophage homologs were significantly more variable than the sequences
in or near tip, tnaA, and thyA genes. Thus, the A-homologous regions may have
a significant horizontal component in their evolutionary histories, having under-
gone genetic exchange, whereas the tip, tnaA, and thyA regions may have solely
vertical evolutionary histories. The relatedness of the E. coli strains in the genetic
regions studied indicated that laboratory strains are not more closely related to
one other than they are to isolates from nature. The isolates from natural
populations did not form groups related either by host taxa or by geographical
region of isolation.
We previously explored the relatedness of se-
lected small parts of the genomes of six labora-
tory Escherichia coli strains, using defined
probe DNAs to hybridize with restriction endo-
nuclease digests of the E. coli DNAs (1). This
study has been extended now to include a group
of E. coli strains that were sampled from natural
populations. Roger Milkman kindly provided
isolates from his extensive collection of E. coli
strains (7), from which we chose cultures that
had been isolated from four primate individuals
and four ungulate individuals from North Amer-
ica or the South Pacific (Table 1). In each case
but one, three independent isolates from the
same fecal sample were used, providing a group
of 23 isolates for study.
The probe DNAs that were used to explore
the relatedness of small segments of the E. coli
genomes were among those used in earlier stud-
ies on laboratory strains of E. coli (1) and se-
lected enteric bacteria (10). The probes used
were three transducing phage A DNAs contain-
ing trp, tnaA, or thyA segments of the E. coli K-
12 genome, and phage A DNA. These probes
specifically hybridize to the respective homolo-
gous segments in the chromosomal DNA of E.
coli strains, the trp, tnaA, and thyA portions of
the genome, and any functional or cryptic lamb-
doid prophages in the genome such as A pro-
phage or the cryptic prophage remnants present
at the rac locus in some E. coli K-12 strains (5).
The sizes of the homologous hybrid DNA frag-
ments in restriction endonuclease digests of
chromosomal DNAs are a function of the posi-
tions of specific cleavage sequences in or sur-
rounding the homologous segment. Thus, vari-
ation in the size of homologous fragments pro-
vides information on variation in nucleotide se-
quence in or near the specific parts of the ge-
nomes that are homologous to probe DNAs.
MATERIALS AND METHODS
Bacterial strains are listed in Table 1. Total DNA
was isolated as previously described (10). Phage probe
DNAs (A, A trp, A lac, A tnaA, and A thyA) were
isolated and radioactively labeled as previously de-
scribed (1). Chromosomal DNAs were digested, sepa-
rated by electrophoresis, transferred to nitrocellulose
paper, hybridized, and autoradiographed, all as previ-
ously described (1). Hybridization conditions were
stringent in that they permitted annealing of DNAs
whose Tm (temperature at which half the DNA is
dissociated) was 0 to 8°C below that of completely
homologous DNA (10).
RESULTS
Total DNA was isolated from each of the 23
E. coli isolates and was digested with restriction
endonuclease EcoRI or HindIII. The chromo-
somal digests were subjected to agarose gel elec-
trophoresis together with A HindIII restriction
fragments as molecular-weight standards, and
the ethidium bromide fluorescence patterns
were photographed. The banding patterns in the
photographs provided information on the size
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TABLE 1. Sources of E. coli isolates
Isolatesa Host Host geographicregion
10A, B, C Bison Alberta, Canada
66A, B, C Human Iowa
75A, B, C Human Iowa
209B, I Ape Celebes
210D, F, J Ape Celebes
211D, F, G Sheep New Guinea
213E, I, K Steer Bali
215A, B, C Steer Bali
a Kindly provided by Roger Milkman. Code num-
bers are those of the Milkman collection. Numbers
represent fecal samples from different individuals. Let-
ters represent separate isolates from one fecal sample.
distributions of restriction fragments in each of
the chromosomal DNA digests of the 23 E. coli
isolates (see for example Fig. 2 in reference 1).
None of the restriction fragment distribution
patterns for the E. coli isolates derived from
different hosts was alike. In five cases, independ-
ent isolates from the same fecal sample
were indistinguishable: 1OA, B, and C; 66A, B,
and C; 75A, B, and C; 210D and F; and 211C, D,
and G. Each such set may be made up of mem-
bers of only one of the E. coli clones residing in
the gut of the host animal. In other cases, the
restriction fragment distributions of isolates
from the same fecal sample were strikingly dif-
ferent: 209I and B, 210D and J, and 213E and K;
these isolates appear to be clonally unrelated
cohabitants of a gut. In still other cases, distri-
bution patterns were markedly similar, but close
inspection revealed differences: 213E and I, 215A
and C.
Replicate gels were prepared containing DNA
digests of the 23 E. coli isolates. The digests
were transferred from the gels to nitrocellulose
filter papers (11), and each filter was hybridized
with one of the 32P-labeled A phage probe DNAs.
Autoradiograms visualized the chromosomal re-
striction fragments that contained sequences
having homology to the probe DNA. With phage
A DNA as probe, chromosomal DNA that was
homologous to A DNA was highlighted. Both
HindIII and EcoRI digests of all 23 E. coli
isolates hybridized with X DNA. A representa-
tive autoradiogram obtained for HinduII digests
of some of the E. coli isolates is shown in Fig.
la. The numbers, sizes, and intensity of hybrid-
ization of the restriction fragments that con-
tained A homologs differed for most of the chro-
mosomal digests. Numbers and sizes of homol-
ogous restriction fragments are a function of the
occurrence of endonuclease target sequences in
and near the homologous regions. Intensities of
hybrid bands are expected to be a function of
the amount of DNA within a restriction frag-
ment that is homologous to the short fragments
of labeled probe DNA; probe DNA will not
hybridize with mismatched regions within a re-
striction fragment.
The autoradiograms produced by the 32P-la-
beled A DNA probe with the digests of the three
human isolates of the 75 series gave identical
patterns that differed from all other patterns.
The three human isolates of the 66 series were
identical to one another but differed from all
other patterns. In the same way, the three Bison
isolates of the 10 series, the three sheep isolates
of the 211 series, and two of three 210 ape
isolates (210D and F) were alike within each
series. However, the pattern of each series dif-
fered from the patterns of other series and from
other unique-pattmrn isolates. Thus, the posi-
tions of both HindIII and EcoRI restriction sites
in or near A homologs differed in the genomes of
each of the E. coli isolates tested except for sets
of isolates from the same fecal sample that seem
likely to be members of the same clone.
On the basis of distinctions in size distribution
of total DNA restriction fragments and size dis-
tribution of A homologs, the 23 isolates reduced
to 14 demonstrably different kinds of E. coli: the
10 series, the 66 series, the 75 series, 209B, 209I,
210D and F, 210J, the 211 series, 213E, 213I,
213K, 215A, 215B, and 215C.
The number and sizes of A homologs in these
E. coli genomes were highly variable. The frac-
tion of restriction fragments containing A hom-
ologs that were the same size was determined by
pairwise comparison of both HindIII and EcoRI
homolog sizes of the 14 different kinds of E. coli
strains isolated from nature and the five previ-
ously studied laboratory strains as well (1). The
average fractions of fragments that were con-
served with respect to size in each pairwise com-
parison of the 19 unique patterns are given in
Table 2. Although stipulation of identity or lack
of identity was difficult in some cases, particu-
larly when molecular weights exceeded 20 kilo-
bases (kb), we found only one pair (the 211 series
and 215C) among the total of 171 pairs in which
more than 50% of the fragment sizes were con-
served. Half of the pairs showed less than 20%
conservation of fragment sizes, and the average
shared fraction was 16%.
Restriction sites in or near A homologs in
closely related E. coli K-12 laboratory strains
was also variable. In addition to the laboratory
strains that were examined previously, the sizes
of A homologs in EcoRI and HindIII digests of
four closely related E. coli K-12 strains were
determined. The sizes were identical in digests
of strains W1485, W2637, and W3110, but two of
VOL. 144, 1980
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FIG. 1. Hybridization of 32P-labeled A DNA and A trp DNA to HindIII digests of E. coli DNAs. HindIIl
digests of E. coli DNAs (0.5 g) and A DNA as molecular-weight marker (0.5 ng) were subjected to
electrophoresis through 1% agarose in 40 mM Tris-acetate, pH 8.2, 20mM sodium acetate, and I mM EDTA
at 40 mA (80 V) for 5 h. DNA was transferred to nitrocellulose filters (11) and hybridized with either 32p-
labeled A DNA (a) or 32P-labeled A trp DNA (b) (about 10f cpm/lg) in 4 x SSC (SSC = 0.15M NaCl plus 0.015
M sodium citrate)-50% formamide at 37°C overnight. Filters were washed for 3 to 4 h under the same
conditions, rinsed in 3 mM Tris, pH 7.5, and exposed to Kodak XR-1 X-ray film with a Dupont Cronex
Lightening Plus screen at -70°C. Short exposures (I day, lower image) provided data on the larger hybrid
bands; longer exposures (5 days, upper image) provided data on the smaller bands. Pointers identify trp
homologs.
four EcoRI A homologs and two of six HindIII
A homologs differed in strain W3550 as compared
with the other three K-12 strains.
Next, to visualize chromosomal fragments
that are homologous to the E. coli K-12 trp
genes, we hybridized phage A tip, containing
most of the tip operon (1), to both HindIII and
EcoRI digests of the 23 E. coli isolates from
nature. A representative autoradiogram of
HindIII digests is shown in Fig. lb. Such auto-
radiograms identified trp homologs as those in
excess over previously visualized A homologs.
Some hybrid bands were faint, but were visible
on original autoradiograms, such as the very
faint 3.3-kb tip homolog of 209I. Other thp hom-
ologs comigrated with X homologs. One of the
tip homologs of strain 66C comigrated with the
larger of two closely migrating X homologs. Its
presence was detected by the decided increase
in intensity of the 5.9-kb band when X tip DNA
was used as probe. Other tip homologs were
identified by straightforward inspection of dif-
ferences in patterns produced by X and X tip
probes.
In additional experiments of this kind, the
sizes of the HindIII trp homologs were deter-
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mined for the 23 isolates and are presented in
Table 3, together with the sizes of the trp hom-
ologs in five laboratory strains of E. coli (1).
Some of the sets of isolates from the same fecal
sample gave identical patterns of tip homolog
sizes. Each such case is represented in a single
line in Table 3.
Some of the patterns of sizes of trp homologs
were the same for E. coli isolates of separate
origins. The three HindIII fragments of 5.9, 2.9,
and 2.7 kb that contain most of the tip operon
in E. coli K-12 (4) were also seen in isolates 66A,
B, and C, 210D and F, 213E and I, 215B and C,
and in the laboratory strains C, W, and 15. A
different pattern, 5.9, 2.7, and 1.8 kb, in which a
new HindIII cleavage site appears to have arisen
in the 2.9 kb fragment, was seen in isolates 75A,
B, and C, 211D, F, and G, and 215A. All other
independent isolates presented unique patterns
of sizes of chromosomal trp homologs. The frac-
tions of HindIII fragments that were conserved
with respect to size in pairwise comparisons of
these patterns are given in Table 4.
The relationship between fraction of restric-
tion fragment sizes conserved and frequency of
base substitution was derived by Upholt (12)
and refined by Nei and Li (8). We have applied
this analysis to the data in Table 4, assuming
essential randomness in nucleotide sequence and
no genetic rearrangement in the trp operon. The
magnitude of base substitution that is inferred
to have occurred in or near the trp operon since
the divergence of any two E. coli genomes that
have different patterns of trp-homolog sizes is
shown in Table 5. With the exception of outlier
classes H and I (containing isolates 209B and I,
respectively, from a Celebes ape), the frequency
TABLE 3. Sizes of tip-homologous HindIII
chromosomal fragments in 28 E. coli isolates
Strain Sizes (kb) of trp homologs
K-12 WI485 5.9, 2.9, 2.7
C 5.9, 2.9, 2.6
W 5.9, 2.9, 2.6, 1.9
B 11.8, 6.7, 5.9, 2.9, 2.6
15 5.9, 2.9, 2.6
1OA, B, C 2.9, 2.7
66A, B, C 5.9, 2.9, 2.7
75A, B, C 5.9, 2.7,1.8
209I 3.3
209B None
210D, F 5.9, 2.9, 2.7
210J 6.7, 2.9, 2.7
211D, F, G 5.9, 2.7, 1.8
213E, I 5.9, 2.9, 2.7
213K 23, 2.9, 2.7
215A 5.9, 2.7, 1.8
215B, C 5.9, 2.9, 2.7
of base substitution ranged from 0.008 to 0.066,
averaging 0.03.
Two other probe DNAs, A tnaA (1) and X
thyA (1), were used to hybridize to the chromo-
somal DNAs of eight of the E. coli isolates from
nature, one isolate from each of eight host ani-
mals. The sizes of tnaA homologs in both
HindIII and EcoRI digests, and the sizes of thyA
homologs in HindIII digests, are given in Table
6, together with comparable information on the
five laboratory strains of E. coli. Table 6 does
not include data for the homologs to a 1.3-kb
segment that was present in the A thyA probe.
This fragment, of unknown genetic function and
location, is unrelated to thyA (1). It hybridized
to a 1.3-kb HindIII fragment in the chromo-
somal digests of all of the E. coli strains exam-
ined.
Table 6 shows that, although the positions of
restriction sites near the tnaA and thyA genes
were conserved in many of the E. coli genomes,
size variants also occurred. In some instances,
either tna- or thy-homolog size variants were
present in bacteria that were indistinguishable
with respect to the sizes ofHindIII tip homologs.
Among the 13 E. coli isolates that were exam-
ined for sizes of tip, tnaA, and thyA homologs,
five strains were indistinguishable with respect
to sizes of HindII tip homologs, EcoRI and
HindIII tnaA homologs, and HindIII thyA hom-
ologs. Each of the other eight strains showed at
least one difference in relation to the- others.
DISCUSSION
Two kinds of measures have been used to
detect differences between closely related bac-
teria. These measures were the molecular-
weight profiles of the fragments produced by
restriction endonuclease digestion oftotal DNAs
and the sizes of chromosomal restriction frag-
ments that contained homologs to selected small
segments of the genome of a standard reference
DNA.
As applied to a collection of E. coli strains
isolated from nature and to standard laboratory
strains of E. coli, we have found that highly
sensitive indicators of differences in genomes are
given both by the molecular-weight profiles of
total DNA restriction digests and by the size
distributions of the chromosomal restriction
fragments that are homologous to phage A DNA.
No two isolates of independent origin were iden-
tical to each other in either of these respects.
Clearly, nucleotide sequence changes have oc-
curred in the genomes of these bacteria such
that restriction enzyme cleavage sites were abol-
ished and created in many places in the genomes.
Chromosomal fragments having homology to
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TABLE 5. Inferred frequencya of base substitution
in trp regions of nine classes' of28 E. coli isolates
Class of
Ecoli B C D E F G H I
isolate__
A 0.022 0.0331.00.018 .022 0.022 20.25 20.25
B 0.066 0.008 0.04 .066 0.066 -0.25 20.25
C 0.032 0.008 .022 0.022 20.25 20.25
D 0.022 .032 0.032 -0.25 20.25
E .032 0.04 20.25 20.25
F 0.022 0.25 20.25
G 20.25 20.25
H :0.25
a According to Upholt (12), the fraction ofconserved
fragments is related to the fraction of base substitu-
-_ K2+ 8F~ Wn,X
tions as P = 1 - -F F2 , where P is
the fraction of base substitutions, F is the fraction of
conserved fragments, and n is the number of bases in
a restriction site.
'Members of classes are as follows: (A) K-12 W1485,
C, 15, 66A, B, and C, 210D and F, 215B and C, 213E
and I; (B) 75A, B, and C, 211D, F, and G, 215A; (C)
210J; (D) W; (E) B; (F) 213K; (G) 10A, B, and C; (H)
209I; (I) 209B.
TABLE 6. Sizes (kb) oftnaA- and thyA-homologous
chromosomal fragments in 13 E. coli isolates
tnaA homologs thy homologs,
HindIII EcoRI HindIII
K-12 WI485 6.2 8.8 7.5
C 6.2 8.8 7.4
W 6.2 16 7.4
B 6.2 15 7.4
15 6.2 14 7.5
lOB 6.2 15 7.5
66C 6.2 8.8 7.5
75B 6.2 8.8 7.5
2091 5.2 8.8 6.6
210F 6.2 8.8 7.5
211D 3.6, 2.7 8.8 7.5
213K 6.2 15 7.5
215B 6.2 8.8 7.5
phage A DNA were considerably more variable
in size than fragments containing homologs to
bacterial genes. The fraction of A homologs that
were conserved in size averaged 16%, whereas
the fraction of tip homologs that were conserved
averaged 65%. Changes in restriction sites in or
near A homologs were found even in laboratory
strains that were separated by only a few genetic
manipulations. E. coli K-12 strains W1485,
W2637, and W3110 are genetically closely re-
lated (2), and indeed these strains contained A
homologs of the same sizes. However, strain
W3350, derived from W3110 by a few steps in-
J. BACTERIOL.
volving A lysogeny, curing, and A gal transduc-
tion (B. Bachmann, personal communication),
has undergone changes in nucleotide sequence
that altered both HindIII and EcoRI sites in or
near some of the A homologs.
The variation that was observed in or near
the A homologs in the collection of 28 E. coli
isolates we have examined might reflect (i) re-
combinational interaction between lambdoid
phages and the bacterial chromosomes, (ii) the
presence or absence of lambdoid prophages, and
(iii) the absence of functional constraints in in-
active cryptic prophages, leading to acceptance
and retention of a high percentage of mutational
alterations in these genetic regions. If the first
two of these factors was responsible for gener-
ating at least part of the observed high level of
variation, then the evolutionary history of the
chromosomal A-homologous regions can be said
to contain a significant horizontal component,
that is a history of recombinational exchange
between contemporary genomes. Prophages or
remnants ofprophages in bacterial genomesmay
have been acquired relatively recently by the
host strains, and these seem likely to have un-
dergone horizontal transfer and genetic recom-
bination during evolution. To the extent that A
homologs have a complex lateral history, such
segments are not useful as indicators of vertical
evolutionary relationships between bacterial
strains, but provide information on a different
mode of evolution of parts of the genome.
By contrast, the nucleotide sequences in and
near the trp, tnaA, and thyA genes showed much
less variation than was observed for A-homolo-
gous sequences (Tables 2 and 4). Sequences in
the three gene regions varied independently of
one another (Tables 3 and 6).
By inspection of the data, we found that dif-
ferent E. coli K-12 strains seemed closely related
to one another, but other E. coli strains were
more distantly related to one another. The ge-
netic segments containing the trp genes were
found in these experiments to be similar in
amount of variation from the genome of one E.
coli strain to another with the exception of iso-
lates 209B and I. Both 209B and I are trypto-
phan prototrophs, yet homology with E. coli K-
12 trp genes was extremely poor. By contrast,
the two strains were not aberrant with respect
to variability of A homologs (Table 2). Further
investigation is needed before the relationship of
209B and I to other E. coli strains can be defined.
For the other E. coli strains, no greater relat-
edness was found among laboratory strains or
among isolates from nature than between any
two members of these groups within experimen-
tal error of the determination. Also, no obvious
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similarities were found among E. coli isolates
from primates as opposed to isolates from un-
gulates or among E. coli isolates grouped by
geographical region. The group of strains that
were identical with respect to HindIII sites near
trp, tnaA, and thyA genes was mixed in all these
respects. This group contained two laboratory
strains, K-12 and C, and isolates from a human,
an ape, and two cattle. With respect to base
sequences in or near functional genes, all of the
E. coli isolates studied, with the exception of
209B and I, seem to be about equivalently dis-
tant from one another within experimental error
of the method applied.
The trp, tnaA, and thyA regions of the ge-
nomes seem likely to have evolved largely by
simple cumulative nucleotide substitutions that
were transmitted by asexual cell division in the
absence of recombinational exchange, that is, by
a vertical mode of evolution. If this was the case,
the amount of nucleotide sequence change in
these regions could give information on the re-
latedness and time of divergence of E. coli
strains.
Although the data from this preliminary study
lack precision, since only a small fraction of
nucleotides were sampled by the restriction en-
zymes used, nevertheless they provide a measure
of the amount of base substitutional change that
has occurred in specific parts of the genome
since these E. coli strains diverged from one
another. The average inferred frequency of base
substitution in the trp region (0.03) of the E. coli
strains can be related to mutation frequencies.
Point mutations arise in E. coli in the laboratory
at a rate of 4 x 10-10 per base pair replication
per cell generation (3). Thus, neglecting back
mutation, 7.5 x 107 cell generations would be
required to generate base substitutions at a fre-
quency of 0.03. However, the length of time
required for this number of cell generations can-
not be estimated without knowledge of the
growth characteristics of E. coli organisms in
nature.
Instead, the average inferred frequency of
base substitution in the trp region of the E. coli
strains can be related to the observed.frequency
of base substitution in parts of the trp operons
of the E. coli K-12 and Salmonella typhimurium
genomes. The DNA of the trpA gene and the
beginning of the trp operon has been sequenced
in both E. coli K-12 and S. typhimurium LT2
(6, 9). In the trpA gene, 24.8% of the bases differ;
in the leader-promoter region and the start of
the trpE gene, 19% of the bases differ. If the trp
operons of E. coli K-12 and S. typhimurium LT2
have undergone about 20% base substitution
whereas the trp operons of all but two of the 28
E. coli strains we have. examined have under-
gone about 3% substitution, then it appears that
most of these E. coli strains diverged from one
another much more recently than did the Esch-
erichia and Salmonella genera. If a pair of con-
temporary E. coli strains had diverged from
their common ancester shortly after E. coli and
S. typhimurium had diverged from their com-
mon ancestor, such a pair of E. coli strains would
be expected to differ by nearly 20% nucleotide
sequence substitution in the trp operon. Such
might be the case for 209I and B relative to the
other E. coli isolates we have examined (or there
may be another explanation such as genetic
exchange to account for the extreme differences
in the trp operons of these strains). However, for
26 of the E. coli strains we have studied, the
largest difference observed in the nucleotide se-
quences of any pair in the trp region was 6.6%,
considerably lower than E. coli-S. typhimurium
difference of 20%.
Whole populations of microorganisms are
probably nearly annihilated periodically by ad-
verse environmental changes. New populations
then build up to replace the old. Therefore, it
seems reasonable that individual contemporary
E. coli isolates are likely to have descended from
common ancestors which were survivors of sud-
den, episodic population reductions. According
to this view, the timne since divergence of con-
temporary E. coli isolates reasonably can be
expected to be shorter than the time since di-
vergence of the Escherichia and Salmonella
genera, an interpretation that is consistent with
the data reported here.
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